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The Escherichia coli fimbrial adhesive protein, FimH,
mediates shear-dependent binding to mannosylated
surfaces via force-enhanced allosteric catch bonds,
but the underlying structural mechanism was previ-
ously unknown. Here we present the crystal structure
of FimH incorporated into the multiprotein fimbrial
tip, where the anchoring (pilin) domain of FimH inter-
acts with the mannose-binding (lectin) domain and
causes a twist in the b sandwich fold of the latter.
This loosens the mannose-binding pocket on the
opposite end of the lectin domain, resulting in an
inactive low-affinity state of the adhesin. The autoin-
hibition effect of the pilin domain is removed by
application of tensile force across the bond, which
separates the domains and causes the lectin domain
to untwist and clamp tightly around the ligand like
a finger-trap toy. Thus, b sandwich domains, which
are common in multidomain proteins exposed to
tensile force in vivo, can undergo drastic allosteric
changes and be subjected to mechanical regulation.
INTRODUCTION
Adhesive proteins of prokaryotic and eukaryotic cells are gener-
ally multidomain in nature, with different domains to bind the
ligand on the target cell and to anchor the binding protein to
the cell membrane or adhesive organelle. There is growing
evidence suggesting that interactions with an anchoring domain
can also be an allosteric regulator of ligand binding (Aprikian
et al., 2007; Arnaout et al., 2005; Askari et al., 2009; Tchesnokova
et al., 2008; Waldron and Springer, 2009). Interdomain allostericregulation can lead to mechanical reinforcement of adhesive
bonds (Alon and Dustin, 2007; Astrof et al., 2006; Friedland
et al., 2009; Springer, 2009), or even a catch bond mechanism
of adhesion in which the adhesive interaction becomes stronger
with increased tensile force (Phan et al., 2006; Yakovenko et al.,
2008). However, the structural basis of allosteric catch bonds
has not been elucidated.
The allosteric catch bond model has been extensively
proposed and experimentally supported for the mannose-
specific fimbrial adhesin of Escherichia coli called FimH, which
mediates shear-dependent bacterial adhesion. FimH is a 30 kDa
protein positioned on the tip of surface filaments called type 1
fimbriae that mediate mannose-specific binding and are the
most common adhesive organelles in E. coli and other entero-
bacteria. FimH consists of two immunoglobulin-like domains:
an N-terminal lectin domain (LD) that binds mannose ligand
and a C-terminal pilin domain that anchors FimH into the fimbrial
tip. In the crystal structures obtained previously, no interactions
between the binding and anchoring domains were observed
because structures were determined for either the purified lectin
domain (Bouckaert et al., 2005; Wellens et al., 2008) or FimH in
complex with molecular chaperone FimC that is wedged
between the domains (Choudhury et al., 1999; Hung et al.,
2002). In spite of biochemical evidence of allosteric changes in
the lectin domain, no structural changes have been directly
observed. Furthermore, the FimH mannose-binding domain
has a b sandwich fold that is common in eukaryotic and bacterial
matrix and adhesive proteins (Shan et al., 1999; Timpl et al.,
2000) (Hashimoto, 2006) and is generally thought to be structur-
ally rigid, thus not allowing for allosteric regulation.
Here we present a crystal structure of FimH integrated into
fimbrial tips, i.e., in its native conformation. In this structure,
the binding domain of FimH is twisted and compressed by
interaction with the anchoring pilin domain that loosens the
mannose-binding pocket on the other side of the domain ThisCell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc. 645
Table 1. Data Collection and Refinement Statistics
Data Collection Statistics
Space group R32
Unit cell dimensions
(a, b, c) (A˚)
216.0, 216.0, 532.1
Complexes per asymmetric
unit
2
Resolution (A˚) (last shell) 50.02.69 (2.792.69)
Unique reflections (last shell) 119926 (6137)
Completeness (last shell) 90.6% (46.7)
Redundancy (last shell) 9.5 (4.6)
<I>/<s(I)> (last shell) 14.0 (1.0)
Rmerge (last shell) 0.147 (0.862)
Refinement Statistics
Resolution (A˚) 50.02.7
R factor (working set) 0.245
Rfree (test set = 5% of the
overall)
0.272
Number of unique reflections 119854
Number of protein atoms 13868
Number of solvent atoms 28
Number of heteroatoms 12
Wilson B value 65.5 A˚2
Average B value from
refinement
51.0 A˚2
Ramachandran quality 89.0% in most-favored regions
10.2% in additional allowed regions
0.2% in generously allowed regions
0.6% in disallowed regions
Rmsd—bond lengths 0.006 A˚
Rmsd—bond angles 0.9 results in autoinhibition, meaning that FimH is maintained in
a low-affinity state by internal contacts. Upon interaction with
mannose and/or under tensile force, the domains separate and
the binding domain untwists and elongates like a stretched
finger-trap toy, resulting in a tight mannose-binding pocket
that provides for an allosteric regulation of the ligand-receptor
interaction by mechanical force.
RESULTS
Crystal Structure of Type 1 Fimbrial Tip
Fimbrial tips proteins were expressed, purified, crystallized in
the absence of mannose or any other ligand molecule, and the
structure determined at 2.7 A˚ resolution, as described in Exper-
imental Procedures, with crystallographic details in Table 1. The
complexes crystallized in space group R32 with two copies in the
asymmetric unit. The structure was solved using molecular
replacement and manual electron density map fitting with known
structures of each subunit. Crystallographic refinement of the
structure at 2.7 A˚ resolution with Refmac5 (Murshudov et al.,
1997) (R = 0.245, Rfree = 0.274) yielded a model deposited in
the Protein Data Bank (PDB) with identifier 3JWN. The two
copies of the complex in the asymmetric unit are almost iden-
tical—superposition of 927 Ca atoms common to each complex
gives a root-mean-square deviation (rmsd) of 1.1 A˚, mostly due
to tiny angular differences between subunits. The two copies
are situated in different crystal packing environments and are
not related by crystallographic symmetry.
Each complex contains one FimH subunit, followed by one
FimG and two FimF subunits, with the last FimF bound to the
FimC chaperone (Figure 1A). The subunits are bound to each
other by complementary donor-strand swapping (Choudhury
et al., 1999) and the tertiary structures of FimF, FimG, and
FimC are similar to previous structures of these subunits (Eidam
et al., 2008; Gossert et al., 2008; Hung et al., 2002; Puorger et al.,
2008), with only 0.5 to 1.3 A˚ deviation in Ca rmsd. In FimH, the
tip-anchoring pilin domain changes only slightly (Ca rmsd =
1.3 A˚) from previous structures of FimH in complex with FimC.
However, the mannose-binding lectin domain (Figure 1B) takes
on a conformation that differs significantly—by 3.1 to 3.2 A˚
rmsd—from those previously obtained for the purified form of
the lectin domain (Figure 1C) or the lectin domain in the FimH/
FimC complex. The Ca atoms in the lectin domains of all previ-
ously reported structures differ from one another by less than
0.8 A˚ rmsd.
Conformational Differences in the FimH Lectin Domain
The lectin domain in the tip-associated adhesin (Figure 1B) has
the same general topology as the purified lectin domain
(Figure 1C), with a large continuous b sheet on one side of
a b sandwich (hereafter the large b sheet, and shown in purple
throughout this paper) and a second b sheet that is split by
a small jog in the middle on the other side (split b sheet, in
orange). The mannose-binding site (empty in the tip and with
mannose in the purified lectin domain) is at the distal end of
the b sandwich (top in all figures), opposite from the proximal
end, where the lectin domain connects to the pilin domain
(bottom in all figures). However, the lectin domain in the tip is646 Cell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc.wider and more compressed (11 A˚ shorter from Y1 to T158)
than the narrower and more elongated purified lectin domain.
The compressed (tip-associated domain) and elongated (puri-
fied domain) conformations differ mainly in the distal and prox-
imal end loops.
In the proximal end of the tip-associated lectin domain, three
loops contact the pilin domain and have different conformations
in comparison to ones in the purified form. The loop comprising
residues 112 to 125 changes conformation and inserts into
the pilin domain and so is hereafter called the insertion loop
(green in figures). The swing loop (residues 23–33; pink) swings
out in the compressed tip form. Finally, the linker loop (residues
151 to 158; blue), which links the two domains, is retracted in the
compressed form, which is the primary cause of the 11 A˚
shortening.
At the distal mannose-binding end of the domain, the
compressed and elongated conformations differ in the clamp
loop (residues 13–17; cyan), which opens outward in the com-
pressed tip form but is clamped tightly shut in the elongated
form of the purified lectin domain.
In addition to these changes in either end, there are also differ-
ences in the large b sheet, which has a small bulge formed by
Figure 1. Overall Structure
(A) FimH-containing fimbrial tip crystal structure.
(B) The lectin domain docked to the pilin domain
(black) in the fimbrial tips.
(C) The isolated lectin domain bound to butyl-
mannose (black) as previously crystallized (1UWF,
Bouckaert et al., 2005).
In all panels of all figures, the large b sheet is
shown in purple, the split b sheet in orange, the
swing loop in pink (residues 22–35), the linker
loop in light blue (151–158), the insertion loop in
green (109–124), the clamp loop in cyan (8–16),
the 310/a helix in yellow (59–72), and remaining
regions of the lectin domain in gray. The dashed
lines indicate the length from the N terminus
(residue 1, orange sphere) to the C terminus of
the lectin domain (residue 158, blue sphere).
These and other structural cartoons were made
with Pymol (Delano Scientific LLC.).residues 58 to 62 and is more tilted along one edge in the
compressed conformation (purple).
Notably, these conformational differences are not due to
crystal contacts because the two copies of the fimbrial tips in
the asymmetric unit are identical in all respects discussed in
this paper, as are all copies of the lectin domain in all previous
crystal structures (Bouckaert et al., 2005; Choudhury et al.,
1999; Hung et al., 2002; Wellens et al., 2008). Three alternative
explanations remain for the conformational differences between
the tip-associated and purified lectin domains. First, there are
differences in primary structure of the lectin domains—all
previous crystal structures were obtained from the FimH variant
of E. coli strain J96, with V27, N70, and S78, whereas the tip
structure incorporates the FimH variant of E. coli strain F18,
which has A27, S70, and N78 instead. Second, the fimbrial
tip structure was obtained in the absence of mannose
ligand, whereas the previous structures contained mannose or
mannose-like ligand in the binding pocket. Third, in all previous
structures, the lectin domain does not interact with the pilin
domain, as the latter is either absent (in the purified lectin
domain) or wedged apart by FimC (in the FimH/FimC complex),
whereas the two domains form substantial contacts in the tip
structure.
Effect of Primary Sequence on Lectin Domain
Conformation
If the three amino acid differences cause the observed confor-
mational differences, then a purified lectin domain derived from
a FimH variant from E. coli F18 (LDF18) should have properties
similar to the tip-associated lectin domain of the same variant.
Moreover, both should have properties distinct from those of
the purified lectin domain from E. coli J96 (LDJ96), which was
previously crystallized in the elongated conformation. If insteadCell 141, 645–the primary structure is not responsible
for the conformational change, then puri-
fied LDF18 and LDJ96 variants should have
similar properties, distinct from those of
the lectin domain in the tip.We first considered the differences between the tip and both
purified lectin domains in the distal mannose-binding region.
The clamp loop forms part of the mannose-binding pocket and
is spread wide in the compressed conformation of the tip lectin
domain but tightly clamped in the elongated conformation of
the purified domain (Figures 2A and 2B). The tight conformation
is reinforced by the formation of one backbone hydrogen bond
within the clamp loop (nitrogen of G15 to oxygen of P12, or
G15:N-P12:O) and two more between the clamp loop and neigh-
boring strands (C3:N-I11:O and G16:N-Q143:O). In the looser tip
conformation, two mannose-interacting residues (I13 in the
clamp loop and D140 in the large b sheet) move 3 to 4 A˚ farther
away from the other six mannose-binding residues (F1, N46,
D47, D54, Q133, N135) (Figures 2A and 2B).
One would expect that the tightly clamped conformation of the
binding pocket has a higher affinity and slower dissociation rate
toward mannose than the looser unclamped one. The two puri-
fied lectin domains LDF18 and LDJ96 have essentially identical
affinities (Figure 2C) and dissociation rates (Figure 2D), indicating
that the amino acid differences between them do not affect their
pocket structures. In contrast, the tip-incorporated FimH has
a 200-fold lower affinity and much faster dissociation rate than
both purified lectin domains (Figures 2C and 2D).
To test whether the three amino acid differences affect the
conformation of the bottom interdomain region of the lectin
domain, we used the mAb21 monoclonal antibody that was
obtained against the purified LDJ96 and recognizes a three-
dimensional epitope including residues V154–V156 in the linker
loop and residue N29 in the swing loop. N29 is positioned over
6 A˚ closer to residues V154–V156 in the elongated conformation
than in the compressed conformation (Figures 2E and 2F), so
mAb21 would be expected to bind with different affinity to the
two conformations. However, mAb21 recognized LDJ96 and655, May 14, 2010 ª2010 Elsevier Inc. 647
Figure 2. Effect of Ligand and Primary Structure on Conformation
In all structural cartoon panels, cocrystallized butyl-mannose is shown in black sticks, while pocket-forming residues are shown as sticks with carbon atoms
colored by loop identity (see Figure 1), oxygen atoms in red, and nitrogen atoms in blue. Red dotted lines show hydrogen bonds described in the text. Black
dotted lines indicate distances described in the text.
(A and B) Top-view of the mannose-binding site in the two conformations.
(C) Solution affinity curve of tip and purified lectin domains binding to aMM in surface plasmon resonance (SPR) assays.
(D) Profiles of F18 tips and purified lectin domains dissociating from mannosylated bovine serum albumin (man-BSA) in SPR assays. All curves are normalized to
the response units at the start of the wash (108 for tip, 79 for LDF18, and 101 for LDJ96) to indicate fraction remaining bound.
(E and F) Bottom-view of the two conformations of the interdomain regions with the mAb21-binding residues shown as spheres.
(G) Dilution curve of mAb21 binding to two variants of isolated lectin domain.
(H) Effect of mannose on mAb21 binding to LDF18 and tip.
Error bars in (G) and (H) represent the standard deviation of triplicate measurements.LDF18 similarly (Figure 2G) but bound relatively poorly to the
fimbrial tip (Figure 2H, left panel). This indicates that the confor-
mations of the proximal loops of the two purified lectin domain
variants are similar and in a different conformation from that of
the lectin domain in the tip FimH.
Taken together, these results show that three amino acid
differences in primary sequence do not cause the change in
conformation of either the proximal or distal ends of the lectin
domain that is observed between the tip-associated com-
pressed and purified elongated forms.
Effect of the Ligand on Lectin Domain Conformation
If the differential presence of mannose in the crystals is respon-
sible for the different conformations observed in the correspond-
ing X-ray structures, then the purified lectin domain should take
on the elongated or compressed conformation depending on
whether mannose is present or absent, respectively. However,
addition of soluble mannose did not affect the ability of mAb21
to recognize either LDF18 (Figure 2H, right panel) or LDJ96 (not648 Cell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc.shown), suggesting that the conformation of the proximal loops
is not affected by the mannose in the purified lectin domain.
To assess the effect of mannose in a more direct and detailed
manner, we collected and assigned nuclear magnetic resonance
(NMR) spectra of purified LDF18 in the presence and absence of
mannose. An overlay of the (1H, 15N)-HSQC spectra is shown in
Figure 3, and the residue-by-residue mannose-dependent NMR
shift differences are shown in Figure S1 (available online). The
number and magnitude of differences in the HSQC spectra of
mannose-free and mannose-bound LDF18 are too few and
much too small to be consistent with the large-scale global
conformational differences seen between the elongated and
compressed forms of the lectin domain. The only significant
chemical shift differences (0.114–0.297 ppm) in the presence
of mannose were observed in residues in the mannose-binding
site and are likely to be due to direct interaction with mannose.
At the same time, 31 residues that differentially donate NH
groups to hydrogen bonds in the two alternative conformations,
including residues C3, G15, and G16 in the clamp loop bonds,
Figure 3. NMR Spectra of Purified 1 mM LDF18
1H-15N HSQC overlay of LDF18 in the mannose-free (black) and mannose-
bound (red) forms. The latter contains 1 mM aMM, which is a 1:1 ratio of protein
to mannose. Large chemical shift differences are not observed between the
two spectra, indicating that binding of mannose induces only small, local
conformational changes. See also Figure S1.showed only insignificant shift differences (%0.06 ppm). The
NMR data thus indicate that the large conformational changes
within the lectin domain observed in the two crystal structures,
including the clamping of the mannose-binding pocket, are not
recapitulated by the presence and absence of mannose in the
context of the isolated lectin domain.
Although the conformation of the purified lectin domain is not
affected by mannose, addition of mannose causes the fimbrial
tips to be recognized by mAb21 (Figure 2H, right panel). Thus,
the interdomain region appears to switch from the compressed
to the elongated conformation when the tip-associated FimH
binds mannose. Consistent with the large mannose-induced
structural changes of the tip lectin domain, we observed that
soaking mannose into fimbrial tip crystals caused their disinte-
gration (not shown). This is consistent with the hypothesis of
a reciprocal allosteric connection between the mannose-binding
pocket and interdomain region of the lectin domain (Tchesno-
kova et al., 2008). By this hypothesis, mannose is able to convert
the loose conformation of the pocket (as in the compressed tip
form) into a tight one (as in the elongated form) that, in turn,
causes a structural propagation across the domain to induce
the corresponding conformational changes in the loops proximal
to the pilin domain.
Together, these data suggest that the purified lectin domain is
in the elongated conformation regardless of the presence of
mannose, but the fimbrial tip lectin domain is in the compressed
conformation without mannose but can switch to the elongated
conformation upon binding ligand.Effect of the Pilin Domain on Lectin Domain
Conformation
We therefore propose that, in the absence of mannose, the pilin
domain induces the conformational changes observed between
the compressed and elongated forms of the lectin domain.
In the compressed conformation, the swing loop residues V28
and V30 move wide and are exposed to interact with residue
A188 of the pilin domain (Figure 4A). In the elongated form,
V28 faces into the hydrophobic core of the domain and V30
remains close to V156 in the linker loop (Figure 4B). In the
compressed form, the insertion loop is extended where S114
and A115 insert deep into a pocket in the pilin domain and
form hydrogen bonds with C161 and R166, respectively
(Figure 4C). The insertion would be prevented in the elongated
form because the insertion loop reorients, facing A115 inward
into the lectin domain (Figure 4D). Moreover, the pilin domain
would be pushed away from the proximal loops by the extended
linker loop in the elongated form but not by the compressed
linker in the tip.
The conformational changes in the proximal end can be
directly connected to the changes in the distal mannose pocket.
When the linker loop is retracted to allow close contact of the
neighboring loops with the pilin domain, linker residues V154
and V156 move upward (shown in Figures 4A and 4B). This is
accommodated by an upward movement of L24 in the swing
loop. This in turn is accommodated by an upward movement of
residue 22, which anchors the swing loop to the large b sheet,
relative to residue 36, which anchors the swing loop to the split
b sheet (Figures 4A and 4B). The strand comprising residues 16
to 22 at the edge of the large b sheet thus slides upwards relative
to the opposing residues on the split b sheet, resulting in the tilt of
this strand and the bending and twisting of the large b sheet
(Figures 4E and 4G). This can best be understood by sliding
the lower left corner of a page in a book upward as though
preparing to turn the page back—the partially opened page
(Figure 4F) and the closed page (Figure 4H) resemble the large
b sheet in the compressed (Figure 4E) and elongated (Figure 4G)
conformations of the lectin domain, respectively. Note that the
top of the turning page opens outward, just as residue 16 at the
top of the tilted edge strand shifts outward in the compressed
conformation (Figures 4E–4H). Residue 16 anchors the clamp
loop to the large b sheet, and this outward movement breaks
the hydrogen bonds in and around the clamp loop, loosening
the mannose pocket (as described in Figures 2A and 2B). Thus,
interaction with the pilin domain pushes the bottom corner of
the large b sheet upward and loosens the distal mannose-binding
pocket through what can be called a ‘‘page-turning’’ mechanism.
Further inspection reveals a second connection between the
pilin domain interaction and tilting of the large b sheet. The reor-
ientation of the insertion loop in the compressed conformation
causes V118 to face inward, whereas the retraction of the linker
loop brings V156 upward, creating a hydrophobic pocket inside
the loops. This pocket is filled by residue L68, which faces inward
in the compressed (Figure 4C) but outward in the elongated
conformation (Figure 4D), requiring the 310/a helix to turn like
a screw. As a result, residue A63 at the start of the helix is pushed
upward into the large b sheet relative to residue T74 on the
opposing split sheet. Residues 59 to 61 buckle and breakCell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc. 649
Figure 4. Structural Changes Caused by
Pilin Domain Interaction
Colors and representations are the same as in
Figure 1 and Figure 3. The Ca atoms are shown
as spheres for three b sheet residues (36, 74,
and 127) that are in a plane perpendicular to the
field of view, as shown by the dotted black line.
Residues 22 and 63 are also shown as spheres
to show how they move relative to this plane and
the other residues.
(A and B) View from side of swing loop.
(C and D) View from side of insertion loop.
(E and G) Propagation of conformational changes
from the proximal region to the distal mannose-
binding site.
(F and H) Photograph of a cardboard folder with an
orange page representing the split b sheet and
a purple page representing the large b sheet in
an unperturbed state (F) and with the lower left
front edge pushed upward (H), to demonstrate
the analogy for the page-turning mechanism of
b sandwich allostery.away from the neighboring strand, forming the bulge in the large
b sheet seen in Figure 1D and Figure 4E. In the page-turning
analogy, this bulge may relieve stress that propagates laterally
from the tilted edge, bending the sheet.
Thus, the page-turning mechanism illustrates how conforma-
tional changes can propagate across ab sheet. Most importantly,
it explains how docking of the pilin domain to the lectin domain
will loosen the mannose pocket whereas separation of the pilin
domain from the lectin domain will clamp the pocket tightly
around mannose. Because FimH is allosterically maintained in
a low-affinity state by internal contacts rather than by external
factors, it can be said to be autoinhibited (Pufall and Graves,
2002). Because the loose binding conformation is more650 Cell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc.compressed and twisted, the lectin
domain also looks and functions much
like a finger-trap toy, which is a tube-
shaped mesh. This toy, also called a finger
prison, has been proposed as a metaphor
for force-activated catch bonds (Dembo
et al., 1988) because it holds more tightly
to fingers inserted on either end when
they pull away and it stretches into a
more elongated, more narrow, and less
twisted shape. The structural resem-
blances between the conformational
change in the lectin domain and a finger
trap can be noted in the Movie S1. Thus,
the page-turning and finger-trap meta-
phors provide a good general under-
standing of b sheet allostery.
Experimental Validation of the
Predicted Conformational Shift
Mechanism
In the compressed conformation, residue
L34 faces outward and forms a hydrogenbond with A27 that stabilizes the wide conformation of the swing
loop (Figures 4A and 4B). In the elongated form, L34 flips 180 to
face inward and bond with L109 instead. We determined with the
program MODIP (Dani et al., 2003) that both sets of partners are
in position to form disulfide bonds. We thus created a 34C/27C
double mutant to lock FimH in the compressed conformation
and a 34C/109C double mutant to lock FimH in the elongated
conformation. For the mutagenesis studies, a fimbriae-incorpo-
rated FimH variant from E. coli J96 was used. As predicted,
mAb21, which specifically recognizes the elongated conforma-
tion, bound strongly to 34C/109C but failed to recognize the
34C/27C fimbriae (Figure 5A). Addition of mannose strongly
increased mAb21 binding to wild-type FimH but failed to enable
Figure 5. Mutational Regulation
(A) Binding of mAb21 to wild-type or disulfide-locked FimH in fimbriae, with
and without aMM or DTT.
(B) Number of bacteria expressing wild-type or disulfide-locked FimH binding
to man-BSA surface with or without DTT.
Error bars represent the standard deviation of the mean of triplicate measure-
ments.
Figure 6. Mechanical Regulation
Profiles of tip dissociating from man-BSA at various tensile forces, as
measured by AFM. These survival plots show the fraction of interactions that
are left as a function of time after force is applied. The BiACore surface
plasmon resonance (SPR) dissociation profiles for the tip and LDF18 are super-
imposed for comparison.mAb21 binding to the 34C/27C variant (Figure 5A). Also, 34C/
27C bacteria bound much more poorly to mannose-BSA-coated
surfaces than wild-type, whereas 34C/109C bacteria bound
much more strongly (Figure 5B). The mAb21 and mannose-
BSA binding differences between the mutant and wild-type FimH
variants were nearly eliminated by addition 1 mM DTT, which
reduces disulfide bonds. This confirms that both 34C/27C and
34C/109C pairs formed disulfide bonds and locked the lectin
domain in compressed low-affinity or elongated high-affinity
conformations, respectively, presumably preventing the page-
turning mechanism of allosteric propagation described above.
Mechanical Regulation of Allostery
FimH from E. coli F18 is one of the most common structural vari-
ants of FimH in E. coli (Sokurenko et al., 2004). On the surface of
bacteria, FimH is incorporated into the fimbrial tip and thus is
expected to be in the low-affinity compressed conformation.
Under in vivo conditions, the elongated conformation can at least
sometimes be induced by binding to soluble or surface-bound
mannosylated compounds, consistent with the data presented
above (Figure 2H) and a previous study (Tchesnokova et al.,
2008). However, under equilibrium conditions (in the absence
of antibodies or other factors that can affect structural dynamics
of the lectin domain), the ligand-induced change is not sustained
and is insufficient to mediate strong binding to mannose, as indi-cated by the reduced affinity and bond lifetimes observed for the
tip relative to the purified lectin domain (Figures 2C and 2D).
On the other hand, FimH is known to mediate shear-enhanced
adhesion of bacteria to mannosylated cells or surfaces (Thomas
et al., 2004), binding weakly at low-shear but strongly in high-
shear conditions. This occurs because FimH forms catch bonds
(Thomas et al., 2006; Yakovenko et al., 2008), which are longer-
lived under higher tensile force. Thus, it is possible that the
high-affinity elongated conformation might be induced and/or
sustained by mechanical force. To test this, we probed the
fimbrial tips using an Atomic Force Microscope (AFM) with a
mannose-BSA-coated AFM cantilever. Unlike a previous study,
where force was increased until the bonds ruptured (Yakovenko
et al., 2008), here we measure effect of a constant force on life-
times of single FimH-mannose bonds as described previously
for other catch bonds.
At a low force of 20 pN, most of the detected interactions
dissociate within one second (Figure 6). However, when tensile
force was increased to 30, 50, or 70 pN, up to 70% of the
interactions became long-lived. The two dissociation rates
indicate that there are two types of interactions. Since experi-
mental conditions are chosen for single bonds (see Experimental
Procedures), these results cannot be attributed to multiple
bonds. However, two dissociation rates are expected for single
receptor-ligand interactions when a receptor has two alternative
conformations. Indeed, the fast and slow dissociation rates,
which dominate at low (%20 pN) and moderate (30–70 pN)
forces, respectively, resemble the behavior of the fimbrial tip
and lectin domain, respectively, in surface plasmon resonance
(SPR) assays, where there is no force (Figure 6). This suggests
that mechanical force causes FimH in the fimbrial tip to switch
from the low-affinity compressed to the high-affinity elongated
conformation, presumably by separating the two FimH domains
and/or directly favoring the elongated conformation.Cell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc. 651
The exceptionally long lifetime of these bonds at these high
molecular forces is consistent with previous studies of these
bonds under force (Yakovenko et al., 2008) and further suggests
that FimH is optimized for strong adhesion under force. All
bonds, even catch bonds, are overpowered by sufficiently high
force (Thomas et al., 2008), and this is seen here for FimH by
the shorter lifetimes at 90 pN.
DISCUSSION
Together, these data support the following model of allosteric
regulation of FimH. In the absence of mannose, the lectin domain
in fimbrial tips is maintained in the compressed conformation
with a loose mannose-binding pocket due to allosteric autoinhi-
bition by the interacting pilin domain. When mannose binds, the
pocket can tighten around mannose by forming backbone
hydrogen bonds in the clamp loop, which in turn can induce
a switch from the twisted compressed to the untwisted elon-
gated conformation and presumably dislodge the pilin domain.
However, this ligand-induced change might not occur every
time, and when it does occur, the change is transient because
the pilin domain can redock and cause the reversion to the
compressed conformation. For these reasons, FimH affinity
and bond lifetimes remain low. If the compressed conformation
of the bond is subjected to mechanical force before mannose
dissociates, the pilin domain is pulled away until it is attached
only through the linker chain. The bottom region of the lectin
domain (proximal to the pilin domain) is switched from the
compressed to the elongated conformation by the absence of
pilin contacts and possibly also by forced elongation. Similarly,
force applied to the elongated conformation can prevent redock-
ing of the pilin domain and reversion to the compressed
conformation. Whether force induces or sustains the elongated
conformation, the mannose-binding pocket is kept tightly shut,
lengthening the bond lifetime under force. In this manner, the
conformational changes can be initiated in the binding pocket
by mannose or in the interdomain region by force, but in either
case they propagate across the protein through a distortion of
the large b sheet similar to the distortion in a turning page or in
a finger-trap toy.
It has been shown that a variety of naturally occurring point
mutations in FimH increase binding to mannose, presumably
by favoring the elongated high-affinity conformation. These vari-
ants are found mostly in uropathogenic E. coli and increase
bacterial adhesion to mannosylated cells and surfaces under
static conditions (Sokurenko et al., 2004). This suggests that
these variants benefit from binding strongly even without force
in low-flow conditions such as the upper urinary tract. However,
evolutionary analysis indicates that the more weakly binding
variants, such as FimH from E. coli F18, are evolutionarily
predominant (Sokurenko et al., 2004), suggesting that allosteric
inhibition and corresponding catch-bond behavior are beneficial
for transmission or survival. The physiological advantage of allo-
steric catch-bond adhesion could include resistance to soluble
inhibitors (Nilsson et al., 2006; Thomas et al., 2002) and rapid
surface colonization (Anderson et al., 2007).
The page-turning mechanism described here can be con-
trasted to conformational changes in other proteins. Other652 Cell 141, 645–655, May 14, 2010 ª2010 Elsevier Inc.examples of structural changes in a b sandwich domain involve
various degrees of rearrangement or swapping of the edge
b strands. For example, the adhesion receptors ICAM-1 (Chen
et al., 2007), cadherins (Chen et al., 2005; Patel et al., 2006),
and a bacterial fibronectin binding protein (Bingham et al.,
2008) all rearrange edge b strands during counter-receptor
binding or dimerization. Similarly, many b sandwich proteins,
including the type 1 fimbrial tip subunits, polymerize via b strand
swapping, and many amyloid proteins irreversibly refold into
b sheet structures. In contrast to these rearrangements, we
report here that an intact b sheet can twist and bend to alloste-
rically confer structural information from one end of the b sand-
wich to the other. This b sheet-bending mechanism is similar
to the tilting of an a helix in allosteric proteins such as integrins
(Xiao et al., 2004) and myosin (Holmes et al., 2004), in that the
relative rigidity of the helix or sheet allows long-range structural
communication.
The structural changes we describe here provide a mechanism
by which conformational changes can propagate across a
b sandwich domain, raising the question as to whether this
occurs in other proteins. Interestingly, b sandwich domains are
present in many adhesive, matrix, and other extracellular
proteins in prokaryotes, eukaryotes, and even viruses and are
thought to confer stability in the presence of mechanical tension
and other harsh conditions. The page-turning mechanism could
provide the flexibility needed for allosteric regulation together
with stability in such proteins.
EXPERIMENTAL PROCEDURES
Expression and Purification
Fimbrial tips were expressed and purified as previously described (Aprikian
et al., 2007). Briefly, a plasmid containing genes for FimC (with 6HIS tag at
the C terminus), FimF, FimG, and FimH was transformed into C43 expression
cells. After induction, cells were homogenized and the tip complex purified on
Ni-NTA agarose followed by an a-D-mannose-agarose column. Single pick
fractions from 10% a-D-mannose elution were concentrated to 12 mg/ml
and submitted to the Center for High-Throughput Structural Biology (CHTSB)
at the Hauptman-Woodward Institute (Buffalo, NY, USA) for screening crystal-
lization conditions (Luft et al., 2003).
Crystallization
The fimbrial tips were crystallized using hanging drop vapor diffusion tech-
niques at room temperature. Crystals were obtained by mixing equal volume
drops containing the protein (11 mg/ml in 20 mM HEPES [pH 7.0]; 0.15 M
NaCl) and a crystallization solution containing 1.6 M KCl, 0.1 M sodium citrate
(pH 4.1). Crystals were transferred to a cryosolution containing 30% glycerol
before freezing at 100 K in a nitrogen stream for diffraction data collection.
Diffraction data were collected at ALS Beamline 5.0.2 (l = 1.0 A˚). The space
group for the crystals is R32 with two copies of the tip complex in the asym-
metric unit. The diffraction data were processed with HKL2000 (Otwinowski
and Minor, 1997). Data set statistics are shown in Table 1.
Structure Solution and Refinement
The crystal structure was obtained using the molecular replacement programs
Phaser (McCoy et al., 2007), MOLREP (Vagin and Teplyakov, 1997), and EMPR
(Kissinger et al., 1999). Input structures were obtained from previous struc-
tures of FimG (Puorger et al., 2008) (PDB ID 3BFQ), FimF (Eidam et al., 2008)
(3BWU), and FimC (Eidam et al., 2008) (3BWU). The individual subunit struc-
tures are sufficiently different to require separate search models for each.
We were unable to locate the FimH domains using a known structure (Hung
et al., 2002) (1KLF) and the molecular replacement programs. Instead, the
domains were placed into the electron density maps manually and refined
using real-space refinement as implemented in XtalView (McRee, 1999).
The structural model was refined using REFMAC-5 (Murshudov et al., 1997)
in the CCP4 suite (Bailey, 1994). Rfree (Brunger, 1993) was calculated using 5%
of the data in the test set. At 2.9 A˚ resolution, the data set completeness drops
below 90% and < I >/< s(I) > is 2.0. Significant diffraction data were obtained
out to 2.7 A˚ resolution, and we chose to use all reflections to that limit for refine-
ment. Sigma A weighted jFojjFcj and 2jFojjFcj electron density maps
(Read, 1986) were viewed with XtalView (McRee, 1999) and Coot (Emsley
and Cowtan, 2004) for graphical evaluation of the model and electron density
maps. Table 1 contains refinement statistics for the structure.
Measuring Rmsd Differences
Ca carbons were used to measure rmsd with N-terminal extensions excluded
and the same residues used for alignment and rmsd calculations with Visual
Molecular Dynamics (VMD) (Humphrey et al., 1996). When PDB files had
multiple copies of a structure, the closest in rmsd were used.
Surface Plasmon Resonance
SPR experiments with both purified lectin domains and fimbrial tips were per-
formed on a Biacore2000 instrument (Biacore Inc.) as described previously
(Tchesnokova et al., 2008). In brief, man-BSA was immobilized on a CM5
chip via amino coupling, and a series of concentrations of tips or lectin
domains (analyte) were injected and the average response over 5 s at the
end of injection was determined to obtain a calibration curve for each tip or
lectin domain analyte. Then, 10 mM purified fimbrial tips or 1 mM purified lectin
domains were preincubated with aMM at each concentration indicated in
Figure 2C, injected for 2 min, and washed out with buffer. The average
response over 5 s at the end of the injection was determined, and the concen-
tration of free analyte calculated using the calibration curve. The fraction of
bound analyte is calculated as follows: bound = (total  free)/total. To measure
dissociation profiles in Figure 2D, 10 mM tip, LDF18, or LDJ96 were injected for
2 min and then washed out. The curves were normalized to a value of one at the
time the wash started to indicate the fraction remaining bound.
mAb Binding
Mouse monoclonal antibody 21 (mAb21; raised against LDJ96) and binding of
mAb21 to lectin domain, fimbrial tips, or purified fimbraie were described
previously (Tchesnokova et al., 2008). Briefly, proteins were immobilized in
96 well dishes, washed, incubated with mAb21 at a range of dilutions with or
without 50 mM aMM, and the latter detected with HRP-conjugated goat
anti-mouse antibodies.
NMR
All NMR experiments were collected on a 1 mM, 13C,15N-labeled sample of
the isolated FimH lectin domain (LD) in 90% H2O/10% D2O solution containing
50 mM sodium phosphate (pH 7.0) and 100 mM NaCl. NMR spectra were
acquired at 27C on Bruker Avance II 600 and DMX500 spectrometers
equipped with triple-resonance, triple-axis gradient probe, with 32 transients
per t1 values. The standard suite of three-dimensional triple resonance
experiments, HNCA, HNCOCA, HNCACB, and CBCACONH were used to
assign the mannose-free LD. The assignments of mannose-free LD were
then transferred to mannose-bound LD and further confirmed with HNCACB
and CBCACONH. Data were processed with NMRPipe (Delaglio et al., 1995)
and analyzed with NMRView (Johnson, 2004). One hundred and thirty-four
out of 150 observable, non-proline residues could be assigned. The chemical
shift differences between the mannose-free and mannose-bound forms,
‘‘D(dno mannose  dmannose) ppm’’ (shown in Figure S1), were computed from
the absolute, weighted average of backbone amide proton and nitrogen chem-
ical shift differences as follows: (((DdH)
2 + (DdN/5)
2)/2)1/2.
Atomic Force Microscopy
Fimbrial tips were attached to a surface and man-BSA to a cantilever tip as
described previously (Yakovenko et al., 2008). Ten ng/ml fimbrial tips were
immobilized on polystyrene or glass and 100 mg/ml man-BSA on Biolever
AFM tips (Olympus; Tokyo, Japan) and blocked with phosphate-buffered
saline + 0.2% bovine serum albumin (PBS-BSA) overnight. An MFP-3D AFMfrom Asylum Systems (Santa Barbara, CA, USA) was used to probe the forces
between the cantilever and surface in PBS-BSA. The tip was pressed to the
surface with 30 pN of force for 1 s then withdrawn at 2 mm/s until the indicated
tensile force was reached, whereupon it was maintained with a digital feed-
back loop. Spring constants (nominal 6 pN/nm) were calibrated using the
thermal method. Data were taken at 5 kHz and a running average of 100 points
(20 ms) used to reduce noise. Each lifetime was measured as the time between
reaching within 5 pN of the desired force in the filtered data and the sudden
drop to no force, and lifetimes plotted as a survival curve.
Conditions were chosen such that only 10% ± 5% of pulls show any measur-
able interaction, so that single bonds could be inferred by Poisson’s law of
small numbers, the standard for single-molecule force spectroscopy (Zhu
et al., 2002). This means that no more than 15% of the measured interactions
are expected to have multiple bonds, so that the long lifetimes (70% at high
force) cannot be due to multiple bonds. When pulls were performed in the
presence of 1% soluble aMM, a competitive inhibitor of FimH, interactions
were rare and short-lived, so the long lifetimes are not due to nonspecific
binding.
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